Objective: Injury and deficiency of the lacrimal duct epithelium (LDE) can lead to a variety of lacrimal diseases. The purpose of this study was to characterize potential candidate cells for constructing a tissue-engineered LDE. Methods: Different areas of the conjunctiva and lacrimal duct tissue were removed from male adult New Zealand white rabbits for histological evaluation. Hematoxylin and eosin staining and immunohistochemical staining of cytokeratin AE1+AE3, cytokeratin 4, Ki-67, and MUC5AC were observed by light microscopy. The surface morphologies of different epithelial tissues and cellular structures were examined using field-emission scanning electron microscopy and transmission electron microscopy. Epithelial cells were isolated from tissues and identified by specific markers. In vitro, proliferative ability and Western blot analyses of the proliferating cell nuclear antigen (PCNA) of different epithelial cells cultured in identical environments were investigated and compared. Results: Histologically, the epithelial specific markers, cytokeratin AE1+AE3 and cytokeratin 4, were expressed in the conjunctiva epithelium and the LDE. Notably, highly proliferative cells stained with Ki-67 were concentrated under the epithelium in a dome structure of the posterior palpebral conjunctiva. Differentiated goblet cells were also found to a lesser extent in this region. Primary palpebral and fornical conjunctival epithelial cells (PFCECs), bulbar conjunctival epithelial cells (BCECs), and lacrimal duct epithelial cells (LDECs) were successfully separated from tissues. In vitro, rabbit PFCECs and LDECs grew faster and expressed more PCNA than BCECs. Conclusions: PFCECs are anatomically similar to LDECs. They also have similar morphological characteristics, immune phenotypes, and proliferation features. PFCECs are therefore potential candidate cells to replace LDECs in tissue engineering to treat lacrimal duct diseases.
Introduction
The human lacrimal duct system, consisting of the lacrimal duct, lacrimal sac, and nasolacrimal duct, is an important component of the lacrimal apparatus. Extra tear fluid is drained by the lacrimal ducts into the inferior meatus of the nose. Any stenosis or obstruction in the lacrimal duct system can induce symptoms of epiphora, chronic ocular surface inflammation, and pyorrhea, which may increase the risk of endophthalmitis after intraocular surgery (Lopez et al., 1993; Prabhasawat and Tseng, 1998; Kam et al., 2014) . Various surgical treatments, including traditional or laser-assisted dacryocystorhinostomy, silastic tube intubation, balloon dacryoplasty, and laser lacryocystoplasty, can be applied to alleviate obstruction in lacrimal duct systems (Goldstein et al., 2006; Avgitidou et al., 2015; Takahashi et al., 2015) . However, the effectiveness of these treatments depends on the integrity of lacrimal duct mucosa (Takahashi et al., 2013; Baran et al., 2014) . Moreover, with increased trauma and iatrogenic injury of the lacrimal duct mucosa, ophthalmologists must deal with the challenge of limited treatment options (Mukherjee and Dhobekar, 2013) . Langer and Vacanti (1993) first proposed the concept of tissue engineering, an interdisciplinary field that applies the principles of engineering and life sciences for the development of biological substitutes that restore, maintain, and/or improve the functioning of biological tissues and whole organs. Pellegrini et al. (1997) pioneered the restoration of damaged corneal surfaces with autologous tissue-engineered corneal limbal epithelium. Nakamura and coworkers first constructed rabbit and human oral mucosal epithelium in vitro, and reconstructed the ocular surface of corneal limbus stem cell deficiency (LSCD) in rabbit eyes (Nakamura and Kinoshita, 2003; . However, tissue engineering for the lacrimal duct epithelium (LDE) has not been investigated.
Easy extraction from tissue is an important condition for seed cells in tissue engineering. However, LDE cells located in the tube structure are not easily obtained in vivo. The conjunctival epithelium (CjE), consisting of palpebral, fornical, and bulbar CjE, maintains the microenvironment on the ocular surface. Ex vivo conjunctival grafts have been cultured on amniotic membrane and transplanted into animals and patients with LSCD (Tanioka et al., 2006; Ang et al., 2010; Ricardo et al., 2013) . Moreover, the LDE is continuous with the CjE, and expresses a similar broad spectrum of mucins, to reduce drag and enhance tear outflow (Paulsen et al., 2003; Jäger et al., 2007) . Therefore, CjE cells might be the ideal candidate cells to be used for constructing tissue-engineered LDE. In the present study, we compared the biological differences between palpebral, fornical and bulbar CjE and the LDE of rabbits, both in situ and in vitro, to identify a suitable location of CjE candidate cells for reconstructing tissue-engineered LDE.
Materials and methods

Animals and epithelial tissue preparation
The animals used in this study were male adult New Zealand white rabbits (mean age, 12 months; body weight, 2-3 kg; provided by the Experimental Animal Center of Zhejiang University, Hangzhou, China). All animal handling procedures were approved by the Zhejiang University Animal Care and Use Committee. Rabbits were euthanized by air embolism via a peripheral ear vein. The animals were designated as pathogen free and received regular ocular health checks. Under sterile conditions, three types of ocular epithelial tissues (the palpebral and fornical conjunctiva, from the eyelid margin to the fornix; the bulbar conjunctiva 2 mm from the fornix to 2 mm from the limbus; and the entire lacrimal duct tissue) were separated from both sides of the rabbit eye for experimental use. Each experiment was performed at least in triplicate using samples from three rabbits.
Hematoxylin and eosin (H & E) staining and immunohistochemistry
The tissues obtained from euthanized rabbits were fixed in 4% formalin overnight. After dehydration, the specimens were embedded in paraffin, cut into 5-μm sections, and stained with H & E. The histological morphology of each epithelial specimen was observed using light microscopy. Immunohistochemical staining of specific antigens was performed on sections of the conjunctival and lacrimal duct tissues (Bonilha et al., 2006) . Deparaffinized 5-μm sections were boiled in 1× target retrieval solution (Dako, Capenteria, CA, USA) for 20 min. Endogenous peroxidase activity was eliminated by treating samples with 3% hydrogen peroxide for 15 min. After blocking in 5% (0.05 g/ml) normal goat serum diluted in 1× phosphate-buffered saline (PBS; 155 mmol/L NaCl, 1.06 mmol/L KH 2 PO 4 , 2.97 mmol/L Na 2 HPO 4 , pH 7.4), the sections were incubated with mouse anticytokeratin AE1+AE3 antibody (1:100 (v/v); Abcam, Cambridge, MA, USA), mouse anti-cytokeratin 4 (CK4) antibody (1:100 (v/v); GeneTex, Irvine, CA, USA), mouse anti-Ki-67 antibody (1:400 (v/v); CST, Shanghai, China), and mouse anti-MUC5AC antibody (1:150 (v/v); GeneTex) overnight at 4 °C. The sections were then incubated with goat antimouse horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. 3,3'-Diaminobenzidine (DAB) was then used for color development, and dark brown staining was considered positive. The magnitude of staining was determined using the staining intensity and percentage of positive cells.
Scanning electron microscopy (SEM)
The glutaraldehyde-fixed conjunctival and lacrimal duct samples were washed with PBS, then dehydrated in increasing ethanol concentrations (50%, 70%, 85%, 95%, and 100%; 15 min/step). The specimens were then postfixed for 2 h in 2% (0.02 g/ml) aqueous osmium tetroxide. After postfixation, the specimens were treated with a graded ethanol bath (50%, 70%, 85%, and 95%; 15 min/step), and then incubated for 10 min in 100% hexamethyldisilazane for desiccation, and allowed to air-dry overnight. They were then attached to carbon stubs and coated with a 30 nm-thick layer of platinum before being photographed with an SU8010 high resolution field emission SEM (Hitachi, Tokyo, Japan).
Transmission electron microscopy (TEM)
For TEM, the fresh conjunctival and lacrimal duct samples were carefully cut into 1 mm 3 sections and immersed in 2.5% glutaraldehyde overnight. The glutaraldehyde-fixed tissues were then washed three times with PBS, dehydrated in increasing ethanol concentrations, and fixed for 2 h in 2% (0.02 g/ml) aqueous osmium tetroxide. The samples were dehydrated by being passed through a graded ethanol series, transferred to propylene oxide, and embedded in epoxy resin. Ultrathin sections (50-70 nm) were cut and stained with uranyl acetate and counterstained with lead citrate before examination under a JEM-1200EX TEM (JEOL, Tokyo, Japan).
Isolation and culture of epithelial cells from the conjunctival and lacrimal ducts
The epithelial cells were isolated and cultured according to a slightly modified, previously reported method (Wei et al., 1993) . Immediately after excision of the tissue, the fresh epithelial samples (the middle palpebral and fornix conjunctiva, bulbar conjunctiva, and lacrimal duct) were washed three times with Hank's balanced salt solution, containing 3× penicillinstreptomycin (300 mg/ml), and subjected to dispase II digestion (2400 U/L; Sigma-Aldrich, St. Louis, MO, USA), then treated at 37 °C for 1.5 h under 5% CO 2 and 95% air. Using a biological dissection microscope, the detached epithelium of the three parts was isolated by light scraping, and dissociated into single cells using a pipet. The isolated cells were then plated onto culture plates with Dulbecco's modified Eagle's/ Ham's 12 medium (DMEM/F12), supplemented with 10% (0.1 g/ml) fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin (all from GIBCO, USA), 2 mmol/L L-glutamine (Invitrogen, Carlsbad, CA, USA), and 20 ng/ml epidermal growth factor (EGF; Sigma-Aldrich) at 37 °C in a humidified atmosphere of 5% CO 2 and 95% air.
Immunocytochemistry for epithelial phenotypes
Primary rabbit palpebral and fornical conjunctival epithelial cells (PFCECs), bulbar conjunctival epithelial cells (BCECs), and lacrimal duct epithelial cells (LDECs) were seeded onto 24-well plates at a concentration of 8×10 4 cells/ml and cultured for 24 h. The cells were then fixed in 4% paraformaldehyde and incubated for 30 min at room temperature in blocking buffer that contained 1% (0.01 g/ml) bovine serum albumin and 0.2% Triton-X in PBS. The cells were then incubated with diluted primary antibodies (mouse anti-cytokeratin AE1+AE3 antibody, 1:50 (v/v); mouse anti-CK4 antibody, 1:50 (v/v); and mouse anti-MUC5AC antibody, 1:100 (v/v)) overnight at 4 °C. The cells were washed three times in PBS, then treated for 1 h with the 1:200 (v/v) diluted secondary antibody (Alexa Fluor ® 594-conjugated AffiniPure goat anti-mouse IgG; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). The nuclei were counterstained with diamidino-2-phenylindole (DAPI) solution for 5 min. Subsequently, the cells were washed with PBS and fluorescent images of the cells were obtained using an Olympus FV500 fluorescent microscope (Olympus, Tokyo, Japan).
Proliferation analysis of cultured epithelial cells
Cell viability assay
Cell proliferation ability was determined using a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). Briefly, primary epithelial cells were plated onto 96-well plates (3000 cells/well). After 24, 48, and 72 h, 10 μl of the CCK-8 solution and 90 μl of culture medium were added to each well, and incubated at 37 °C for 1-2 h. The absorbance was measured at 450 nm using a 96-well iMark™ microplate reader (Bio-Rad, Hercules, CA, USA). Six wells were used as replicates in every experiment, and the same treatment was performed in triplicate.
Western blot analysis of proliferating cell nuclear antigen (PCNA) in cultured epithelial cells
The primary epithelial cells from three different areas were seeded onto 6-well plates (3×10 5 cells/well) and cultured for 72 h. Then, total cellular protein was extracted using a Cell Total Protein Extraction Kit (Sangon, Shanghai, China). Western blot analysis was performed as previously described (Xie et al., 2014) . The transferred polyvinylidene difluoride (PVDF) membranes were incubated with rabbit anti-PCNA antibody (1:2000, v/v) and rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:2000, v/v; CST). After treating with peroxidase-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories; 1:5000, v/v), the cell extracts were visualized using enhanced chemiluminescence (ECL) reagents and exposed to X-ray film.
Statistical analysis
The results from three independent experiments were expressed as mean±standard deviation (SD).
Data were analyzed by one-way analysis of variance (ANOVA) with Bonferroni correction applied, using the SPSS for Windows software package (Ver. 16.0; SPSS Inc., Chicago, IL, USA). A value of P<0.05 was considered statistically significant.
Results
Histological analysis of the CjE and the LDE
Paraffin-embedded 5-μm sections from epithelial tissues were analyzed by H & E staining and immunohistochemistry (Fig. 1) .
Stratified epithelium structures of 6-7 layers were observed in the eyelid margin, which changed to a double-layered epithelial structure in the palpebral, fornical, and bulbar conjunctiva. Several cell clusters in the posterior palpebral conjunctiva with nuclear/ cytoplasmic ratios were found. The LDE showed a similar stratified structure to that of the CjE (Fig. 1a) . Pan-anti-cytokeratin AE1+AE3 is a broadly reactive marker, which recognizes epitopes present in most human epithelial tissues (Cooper et al., 1984) . Superficial and basal cells of the eyelid margin, CjE, and LDE all expressed cytokeratin AE1+AE3 (Fig. 1b) . CK4, a non-cornifying squamous epithelial marker (Kasper, 1991) , was strongly expressed in the cytoplasm of the superficial layers of the CjE and LDE, but no staining was detected in the eyelid margin, which might be cornified tissue (Fig. 1c) . Ki-67, a classical marker for cell proliferation (Cattoretti et al., 1993) , was rarely found in the epithelium of the CjE, but strongly expressed by the basal layer of the eyelid margin, the bottom of the large cell cluster in the posterior palpebral conjunctiva (part 2), and the LDE (Fig. 1d) . MUC5AC, a high molecular weight glycoprotein marker (Shatos et al., 2003) , was expressed by the CjE and LDE, and was absent in the eyelid margin epithelium (Fig. 1e) . However, typical secretory MUC5AC-staining granules in and outside the differentiated goblet cells were observed in the anterior palpebral (part 1), fornical (part 3), and the bulbar CjE. The epithelial cells in the posterior palpebra (part 2) and lacrimal duct diffusely expressed MUC5AC protein, with a relative decrease of differentiated goblet cells. The distribution of differentiated goblet cells with typical secretory granules was reduced in these proliferative areas, where Ki-67 was strongly expressed.
SEM and TEM
SEM was used to examine the different zones of the surfaces of the glutaraldehyde-fixed conjunctiva and the glutaraldehyde-fixed lacrimal duct samples (Fig. 2a) . A typical stratified corneal layer was observed in the eyelid margin. The epithelial (nongoblet) cells comprised the palpebral and fornical conjunctival surface. They were polygonal, with a consistent size, but with slightly different shapes with obvious cell-cell borders. Among the non-goblet cells were numerous crater-like features, some of which were presumed to be goblet cell orifices. These orifices were located between the apices of the epithelial cells, and sometimes had strands of amorphous material discharged from them, which were presumed to be mucus. The BCECs had flat shapes attached to the surface, and the LDECs were densely arranged with columnar shapes. Under higher SEM magnification, all the epithelial cell surfaces were decorated with microvilli, and multiple forms of mucus were also present at the surfaces of the CjE. TEM showed cellular structures in different sections of the samples (Fig. 2b) . Typical goblet cells discharging mucin granules were found in the anterior palpebral and fornical conjunctiva. Epithelial cells in the eyelid margin, palpebral, fornical and bulbar conjunctiva, and lacrimal duct were confirmed by TEM. 
Light microscopy and fluorescence immunocytochemistry
Cells isolated from different epithelia were cultured in vitro using established methods (Wei et al., 1993) . After 48-72 h, cellular morphology was observed by light microscopy (Fig. 3a) .
The goblet cells in the CjE displayed a cobblestone morphology and highlighted background, and the BCECs had more stretched forms. Immunofluorescence of cytokeratin AE1+AE3, CK4, and MUC5AC was then used to characterize the cultured cells (Figs. 3b-3d) . They expressed epithelium-specific cytokeratin AE1+AE3 and CK4, which was consistent with the histological results. Mucin-specific MUC5AC was also found in CjE cells and LDECs, although it was present only in specific cells of BCECs, which were presumed to be differentiated goblet cells.
In vitro proliferation analysis of epithelial cells
The proliferation profile of isolated epithelial cells used the methodology previously described. The same number of epithelial cells was plated onto 96-well plates and cultured for 24, 48, and 72 h. The viability of cells was measured by a CCK-8 kit. The epithelial cells from the palpebral and fornical conjunctiva and the lacrimal duct showed a significantly higher proliferative rate than BCECs (P<0.05; Fig. 4a ).
Proliferation ability was further assessed by evaluating the PCNA in different epithelial cells. As described, the primary epithelial cells from three different areas were seeded onto 6-well plates (3×10 5 cells/well) and cultured for 72 h. Then, total cellular protein was extracted and PCNA was quantified by Western blot analysis (Fig. 4b) . The relative 
Discussion
Recently, the use of tissue-engineered epithelial transplantation has revolutionized the treatment of patients with severe ocular surface disease (Ang et al., 2010; Ricardo et al., 2013) . The novel use of cultivated autologous conjunctival epithelial transplantation for reconstructing the corneal surface and treating limbal stem cell deficiency is a promising treatment. It has the advantages of safety, a decreased risk of rejection and infection, and no need for long-term treatment with steroids for immunosuppression (Tanioka et al., 2006; Ang et al., 2010) . Mucosal integrity of the lacrimal duct system is the key to success using traditional methods of surgery for the correction of lacrimal pathway dysfunctions (traumatic damage, stenosis, and obstruction) (Takahashi et al., 2013; Baran et al., 2014) . The application of tissue-engineered technology is promising for recovering the epithelial structure in severe lacrimal duct disease with extensively damaged LDE. However, before tissue-engineered LDE construction can be successful, autologous seed cells with similar biological characteristics to LDECs are needed. The ideal seed cells for tissue engineering should possess the necessary biological functions, and should be easily obtained from in vivo sources and massively proliferated in vitro. The objective of the present study was to identify suitable seed cells for constructing tissue-engineered LDECs.
The LDE is continuous with the CjE, which covers the ocular surface, establishing a stable tear film for clear vision and protecting the eye from external insults. We characterized the distribution of epithelial cells in tissue using cytokeratin AE1+AE3, a broadly reactive epithelial marker, and CK4, a non-cornifying squamous epithelial marker. Cytokeratin AE1+AE3 was expressed by all epithelial cells in the eyelid margin, conjunctiva, and lacrimal duct. There is strong CK4 expression in superficial conjunctival cells, whereas the basal cells show no immunoreactivity for this marker (Risse Marsh et al., 2002) . Similar results were obtained in the present study. Moreover, using CK4 immunostaining, the superficial epithelial cells in the lacrimal duct were first shown to be similar to non-cornifying squamous epithelial cells.
Mucins are considered to be heavily glycosylated glycoproteins, which are secreted from goblet (Inatomi et al., 1996; Wei et al., 1996; Gipson, 2004) . Lacrimal ducts also express a broad spectrum of mucins, which enhance tear transport and antimicrobial defense (Paulsen et al., 2003) . The present study showed that MUC5AC, a glycoprotein marker, was coexpressed by epithelium of the conjunctiva and lacrimal duct, but in a different pattern. Secretory particles containing mucins were found inside and outside the differentiated goblet cells of the conjunctiva, but not in the LDECs.
Electron microscopy provides objective evaluation and detailed information on the conjunctiva and lacrimal duct. As visualized by SEM, epithelial cells from the conjunctiva and lacrimal duct are normally decorated with very conspicuous microvilli. Images of the epithelial surface by SEM showed cells with a range of small to large openings or orifices. Numerous orifices, located between the apices of the epithelial cells, were distributed in the anterior palpebral, fornical, and bulbar conjunctivae, but fewer orifices in the posterior palpebral regions, and never in the lacrimal duct. Strands of amorphous material secreted from these orifices were presumed to be mucus, which was similar to findings obtained on other mucous membrane surfaces (Siew and Goldstein, 1981; Skrzypek et al., 2005) . SEM revealed intracellular structures of palpebral and fornical conjunctival goblet cells discharging mucus, which consisted of small secretory particles. These results further confirmed histological evaluations of the conjunctiva, which showed that in both rabbits and humans, these differentiated goblet cells are single entities that discharge mucous materials to maintain wetness of the ocular surface (Gipson and Tisdale, 1997; Doughty, 2013) . However, typical goblet cells were not found in the LDE of rabbits.
It has been hypothesized that, for the purpose of self-renewal, stem cells reside in the conjunctiva and generate transient amplifying cells, and also differentiate into specialized cell types, including goblet cells and non-goblet cells, to maintain the survival and health of the conjunctiva (Wolosin et al., 2004) . However, the localization of stem cells is still controversial. In the present study, Ki-67, a marker for cell proliferation, was detected at the base of specific dome structures, under the epithelium in the posterior palpebral conjunctiva, which contained cells with high nuclear/cytoplasmic ratios. Epithelial markers, cytokeratin AE1+AE3 and CK4, were poorly expressed in these cells. In addition, differentiated goblet cells with secretory mucins were also found, but in lesser amounts, in the posterior palpebral CjE with dome structures, when compared with other areas of the conjunctiva. Although there is limited direct evidence in the present study that the specific dome structures contained poorly differentiated cells that could be considered "stem cell territory," these findings might nonetheless assist in the selection of candidate cells for tissue engineering.
In addition, we successfully isolated and cultured cells from the palpebral and fornical CjE, bulbar CjE, and LDE. Proliferation analyses indicated that PFCECs and LDECs had a significantly higher in vitro rate of proliferation than BCECs. We confirmed our results with another important characteristic of stem cells, which was their potential to remain highly proliferative. These results are also consistent with another study (Su et al., 2011) , reporting that rabbit palpebral epithelial cells grow faster and have more proliferative cells (likely originating from cancer stem cells with higher in vitro colony forming rates than the other parts of the conjunctiva).
In conclusion, PFCECs are anatomically connected to LDECs. They have similar morphological characteristics, immune phenotypes, and proliferation features. PFCECs are therefore potential candidate cells to replace LDECs in tissue engineering procedures to treat lacrimal duct diseases.
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